A new concept of using an electrically insulating beam as a constraint is proposed to construct planar spring-like electro-thermal actuators with large displacements. On the basis of this concept, three types of microspring actuators with multi-chevron structures and constraint beams are introduced. The constraint beams in one type (the spring) of these devices are horizontally positioned to restrict the expansion of the active arms in the x-direction, and to produce a displacement in the y-direction only. In the other two types of actuators (the deflector and the contractor), the constraint beams are positioned parallel to the active arms. When the constraint beams are on the inner side of the active arms, the actuator produces an outward deflection in the y-direction. When they are on the outside of the active arms, the actuator produces an inward contraction. Finite-element analysis was used to model the performances. The simulation shows that the displacements of these microspring actuators are all proportional to the number of the chevron sections in series, thus achieving superior displacements to alternative actuators. The displacement of a spring actuator strongly depends on the beam angle, and decreases with increasing the beam angle, the deflector is insensitive to the beam angle, while the displacement of a contractor actuator increases with the beam angle.
Introduction
Microelectro-thermal actuators are one of the most attractive microactuators as they can deliver a high specific work (forcedisplacement product per volume) compared to other types of microactuators [1] [2] [3] [4] [5] , e.g. those using piezoelectric and electrostatic operations [6, 7] . Currently there are two basic classes of electro-thermal actuators. One of them can deliver an out of the plane motion [8, 9] while the other device produces an in-plane motion with planar structure [1] [2] [3] [4] [5] 10] . The latter is desirable as it uses a planar structure and is readily integrated with other microsystem components [4, 11] . These types of devices utilize constraint structures to produce a differential temperature or a differential expansion through the shape of the structure such as a heatuator [1, 2] or via fixed supports such as a chevron actuator [10, 12] to produce displacements. For a heatuator made from a material with high thermal conductivity such as Si, the temperature tends to be more uniform between the cold and hot arms due to the large thermal conductivity, thus the device produces little displacement [13] . A chevron actuator utilizes slender beam structures, and is susceptible to stiction or buckling during fabrication and operation. Also both these actuators have limited motion only in one direction. The device proposed by Moulton and Ananthasuresh is similar to a heatuator with current passing through the wide and narrow arms parallel [14] . These devices are able to produce an expansion motion as well as a contraction motion depending on whether the thin arms or wide arms are facing each other. However, the device requires a large current to operate as the wide arms have a low resistance.
We recently proposed a microspring electro-thermal actuator, which consists of a number of chevron structures and insulating constraint beams [15] . This configuration takes the advantage of the large difference in thermal expansion coefficients between an electrically conductive material and an insulating material used for the constraint beams. By folding the long beams into a number of chevron sections, the susceptibility of buckling and stiction of long arms can be reduced while achieving superior deflection to alternative devices. The initial process development has showed that this type of spring actuator can be made using conventional SiO 2 as the insulating constraint and electroplated Ni metal as the conductive material. Figure 1 shows an SEM picture of a freestanding spring actuator with 12 chevron sections and SiN x insulator constraints. Although much work needs to be done to optimize the structure and the process, it showed that this device does not have a stiction problem during the fabrication, thus having great potential for various applications.
We have studied the structure of this spring actuator in detail, and have proposed two more new actuator configurations. By positioning the constraint beams parallel to the active arms either on the inner side or the outside of them, it is possible to construct microspring thermal actuators with very large displacements either in an expansion mode or in a contraction mode. In this paper, we report the modelling of these newly proposed devices based on analytical study and finite-element simulation.
Design concept
A chevron type of thermal actuator consists of two long beams [12, 16] , which are held fixed by two supports at an angle as shown in figure 2(a). As a current passes through the beams from one terminal to the other, the beams expand due to the Joule heating, and the thermal expansion leads to a deflection in the y-direction. The deflection of a chevron actuator strongly depends on the length and the angle of the beams [12, 15, 16] ; a larger deflection is produced if a smaller angle is used. The drawback is that it is a single beam-like device. This is problematic in terms of fabrication and operation, as the long beams easily buckle or stick to the substrate. Therefore the beam length of a chevron device is limited, typically to a length of <200 µm, which in turn limits the achievable displacement and applications.
In our new types of devices, instead of using a single long beam, the conductive arms (also called the active arms hereafter) are folded into a number of chevron sections to become a planar spring-like actuator as shown in figure 2(b) (two chevron sections with one insulator linkage bar are defined as a one-ring spring). An insulating beam with a lower thermal expansion coefficient is used to form a cross-linkage thereby constraining the displacement in the x-direction. We define this as a 'spring actuator'. When the actuator is heated up under a voltage, the large thermal expansion of the conductive material leads to a displacement in the y-direction only. When a number of rings are connected in series, short insulating bars have to be used to clamp the narrow parts of the chevron sections as well. During actuation, the long clamping beam is under a tensile stress, hence there is no buckling issue, while the short insulating bar is under a compressive stress but is short and strong enough to prevent buckling.
Instead of using a long insulating beam to constrain the deflection of the chevron sections in the x-direction, insulating beams can also be put in parallel to the electrically conductive arms as shown in figures 3(a) and (b), to form other types of microspring actuators. If the insulating beams are positioned on the inner side of the conductive rings, then it constrains the expansion of the inner side of the conductive arms; the actuator could only deflect outwards, leading to an expansion motion. If the insulating beams are positioned at the outside of the conductive rings, then they constrain the expansion of the outside of the conductive arms, leading to a contraction motion. The actuator with outward motion is defined as a 'deflector', and that with inward motion as a 'contractor' to distinguish them from the spring defined above, while the 'microspring actuator' means all three devices. The advantage of the latter two types of actuator is that they eliminate the long clamping beams used in a spring actuator, thus further eliminating the possible buckling problem of the long beams during fabrication. They also provide varieties of actuators with different motions.
For the aforementioned three types of microspring actuators, a number of sections can be connected in series to make microsprings with large displacements either in expansion or contraction motion.
Analytic study
Before modelling the device performances by finite-element analysis (FEA), an analytic model for a microspring actuator is to be developed first which is useful to provide guidance in the preliminary design. When a voltage, V, is applied to a chevron device with a conductive arm length of L, the temperature rises by T, and the beams expand by L, thus the displacement (or deflection) µ in the y-direction can be estimated as follows [12, 15] :
Here α is the thermal expansion coefficient of the beam material, d is the height of the chevron device and ω is the angle between the arm and the horizon. The deflection of the chevron device in the y-direction is proportional to the average temperature increased. The problem becomes an issue of searching for a solution of the average temperature of the beam.
There are four modes of heat transfer: conduction through the solid anchors, convection, radiation and conduction through the air to the substrate [17] . The convection makes a big contribution to the heat loss for a large area device, but not for a small microdevice [18] . From our recent work on the microtweezers based on lateral thermal actuators [19] , it was found that heat transfer by convection and radiation for microtweezers is limited to <5% of the total heat loss, while the heat loss to the substrate by conduction through the air accounts for more than half of the total heat loss. To obtain an accurate performance of the devices, all possible heat losses have to be considered in the simulation, but the emphasis of this paper is to understand the principle of the proposed microspring actuators and to compare them with the existing devices. Therefore, we will simulate the performance of the devices under a simplified heat transfer model, i.e. thermal conduction via solid anchor only.
Since the cross section of the beam is much smaller than the length, and the thermal conductivity is very high, it is reasonable to assume that at any location along the beam the cross-sectional temperature of the beam is uniform [17, 20] . Assuming the heat transfer is only dominated by the conduction through the solid anchors, then the temperature distribution along the beams in the s-direction as shown in figure 2(a) is governed by the classic heat transfer equation [2, 17, 21] ,
where J is the current density (J = I/A with I the current applied, and A the beam cross section), E F is the electrical field, E F = V/2L, ρ the resistivity and k the thermal conductivity. Assuming the resistivity is a constant, the temperature distribution along the beam is expressed as
Here T 0 is the room temperature of the supports (or anchors). The temperature has a parabolic distribution, with the average temperature T ave and the maximum temperature T max of the beam given by
where P = IV is the power consumption. The displacement in the y-direction can be expressed as follows:
Here a coefficient β is introduced which represents the difference in displacement for different actuators as will be discussed later. At a small angle, the angle is approximately equal to the inclination angle, i.
For fixed voltage, height and material properties, the displacement is proportional to the square of the beam length, while for a fixed power P, the deflection increases with the cube of the beam length; therefore increasing the beam length is the most effective way to achieve a larger displacement. As mentioned above, there is a limitation on the beam length due to buckling and stiction problems, and the maximum displacement of a chevron actuator is therefore limited. Reducing the height (d ) of the structure also increases the risk of buckling and stiction. On the other hand, by folding a long beam into multiple chevron sections to form a springlike structure, the buckling and stiction issues can be solved readily, as the folded beams reduce the length in one direction. For a spring actuator, the constraint beam acts as the fixed supports of the chevron, and the current passes through the electrically conductive material only, not through the insulating beam, therefore at a steady state, the temperature distribution is similar to that of a chevron device, and the displacement can also be expressed by equations (7) and (8) with a coefficient β smaller than unity. The main contributions to a small coefficient β are from the limited thermal expansion of the insulating beam at an elevated temperature, which leads to a displacement in the x-direction, and reduces the displacement in the y-direction. Also, introduction of vertical conductive bars to link the conductive arms together causes a slight deflection in the x-direction. Therefore the coefficient β for a microspring actuator is always smaller than unity, as we will see later from FEA modelling.
Although the constraint insulating beams in a deflector or a contractor limit the expansion of the conductive material on one side, the expansion can be either in the x-or y-direction. The displacement of a deflector or a contractor is therefore different from that of a chevron, and cannot be described by equations (7) and (8) directly. We will discuss the results in detail, via numerical simulation in the following section.
From equation (8), it is understood that conductive materials with a higher value of α/k are better for thermal actuators. Metals generally provide a larger displacement than Si-based materials as most metals have a much larger thermal expansion coefficient [13] . Insulator such as SiN x , SiO 2 and diamond are among the best materials for cross linkage bars, as they have the lowest thermal expansion coefficients. Nickel and silicon oxide were chosen as the materials for beams and insulating bars, respectively, for the simulation.
Finite-element modelling
In order to clarify the performance of the devices proposed, finite-element analysis based on FEMLAB software (a commercially available plug-in software for MATLAB TM ) 4 was used to model the actuators. The FEMLAB software has a built-in mesh optimization method, which ensures a minimum error less than 0.1%. Since the aim is to compare the performance of the proposed devices and to optimize the configuration of the structures, radiation and 4 The MathWork Inc, 3 Apple Hill Drive, Natick, MA 01760-2090, USA. Table 1 . Material parameters [13, 22, 23] .
convection are neglected. The FEA simulation is a twodimensional modelling, but the principle one-dimensional heat flow remains unchanged as mentioned above, thus the temperature of the devices is independent of the thickness of the devices [17] . From equations (6)- (8), it is understood that the displacement of a chevron or a spring is proportional to the average temperature, which is also related to the maximum temperature T max through equation (6) . It is, therefore, possible to model device performance by applying a constant temperature (uniform temperature distribution), which is much simpler than applying a fixed voltage. This is also important to compare the performance of different devices at the same temperature. Hereafter we will model the device in two ways. Firstly we will model the device using a constant temperature without applying a voltage, to compare the performances of microspring actuators. Then we will model the devices in detail by applying a voltage (non-uniform temperature distribution). For constant temperature modelling, only the thermal mechanical analysis option was used, while for constant voltage modelling, a multi-physics analysis option including the conductive media, heat transfer and plane stress models was used. The temperature dependence of the resistivity was considered in the FEA modelling. The material parameters used for this simulation are listed in table 1, where the resistivity, its temperature coefficient and the Young modulus for Ni thin films were obtained experimentally from early work [13, 22, 23] . For easy comparison, all the microspring actuators have an arm length of L = 100 µm, and that of the chevron is L = 200 µm. The beam width t = 3 µm was used for all devices. Figures 4(a)-(d ) show the displacements of all microspring actuators at a constant temperature of T ave ∼ 700 K. Figure 4(a) shows the displacement of a spring frame without an insulating constraint beam. Since there is no constraint in the x-direction, the structure expands in the x-direction only without any displacement in the y-direction. When an insulating beam is used to clamp the active arms of the device, the lateral displacement of the arms is limited, thus it produces a net displacement in the y-direction only with a value of ∼8.44 µm. The deflector delivers a displacement of 6.73 µm in the y-direction, though there is a small displacement in the x-direction as well. types of microspring actuators and a chevron device. The displacement of the contractor is inward, while the other three are outward deflections. It is clear that the displacements are all proportional to the temperature with different linear coefficients. The dotted line of the crosses in the figure is the result calculated by the analytical model of equation (1) for a chevron. The agreement of the displacement from the analytical calculation and from the FEA modelling (open triangles) is very good, with an error less than 3%. T ave =700K, L T =200µm Figure 6 . The dependence of the displacement on the beam angle for all types of microactuators. The displacements of the chevron and the spring depend on the angle significantly; whereas that of the deflector is almost independent of the angle, and that of the contractor reversely depends on the angle. The dotted line is the calculated results from equation (1) for a chevron.
Results and discussions

Modelling at a constant temperature
From the analytical model, it is understood that the displacement of the spring depends on the inclination angle of the beam as shown in equation (1) . In order to clarify this for all devices, the displacement against the inclination angle for all devices has been simulated by FEA modelling and the results are shown in figure 6 . The displacements of the chevron and spring actuators strongly depend on the angle of the beams; they decrease rapidly with increasing the angle and figure 6 is the result calculated by the analytic model of equation (1) for a chevron with the same dimensions. The agreement between the analytical calculation and the FEA modelling is excellent for d/l < 0.2, and it becomes bigger as d/L increases, but it is still less than 10% of the total deflection. This implies that for a simplified constant temperature model, the analytic model is good enough to predict the performance of the devices.
For single ring microspring actuators, the deflection is smaller than that of a chevron device. However, a large displacement can be obtained for a microspring actuator with a number of chevron sections connected. Figure 7 shows the displacement as a function of the total beam length, L T , for all types of devices at a constant temperature of 700 K. The total beam length of the microspring actuators is the arm length times the number of chevron sections, for instance, L T = 800 µm = nL means that the device has eight chevron sections (as L = 100 µm was used for all microspring actuators). At L T = 200 µm, the chevron delivers the largest displacement. However once more than four chevron sections (L T 400 µm) are used, microspring actuators can produce much larger displacements, and the displacements of all microspring actuators are proportional to the number of chevron sections.
Modelling at a constant voltage
When a voltage is applied to a device, the temperature rises due to resistive Joule heating. It is known that the temperature has a parabolic distribution for a single-beam structure such as a chevron [20] . Similar temperature distribution was found for a spring with an insulating beam at a steady state. Figure 8 shows the temperature distribution of an equivalent spring structure as shown at the top under a voltage of 0.4 V. The temperature has a parabolic distribution with the maximum temperature at the middle, similar to that of a beam structure [20] . The temperature of the insulating beam is uniform, and is the same as that at the junctions between the insulating and conductive beams. The voltage was applied for one second in the modelling, long enough for the temperature to reach a steady state.
Figures 9(a) and (b) show the temperature distributions and the displacements of a deflector and a contractor under an applied voltage of 0.4 V. The deflector produces a displacement of µ = 6.71 µm with a maximum temperature of T max = 917 K. From equation (6) , it was found that a maximum temperature of 917 K is correlated to the average temperature of T ave = 709 K. From figure 5, a displacement of ∼6.88 µm is obtained for the device at a temperature of 710 K, in agreement with the result obtained from the constant voltage modelling, with a difference less than 3%. This implies that it is sufficiently accurate to use a constant temperature mode to simulate device performance. Similarly the contractor under a bias of 0.5 V produces a contraction of µ = 6.04 µm with T max = 990 K, also in good agreement with the result obtained from the constant temperature modelling. Figure 10 shows the displacement and the temperature distribution for a spring actuator with six chevron sections with an inclination angle of d/L = 0.1 and a voltage of 0.4 V. The maximum temperature T max = 922 K is at the top of the middle point, and the displacement is 21.9 µm. The displacement of the lower chevron sections is smaller than that of the upper chevron sections, due to the non-uniform temperature distribution. This differs from the result obtained assuming a constant temperature as discussed above. Figure 11 (a) shows the displacement and the maximum temperature as a function of applied voltage for the device used in figure 10 . The deflection is roughly proportional to V 2 but slightly deviates from that predicted by the analytical model of equation (7) due to the inclusion of the temperature dependence of the resistivity in the FEA simulation. Figure 11(b) is the re-plot of figure 11(a) with the maximum temperature as a variable. The displacement is proportional to the maximum temperature T max , similar to that of figure 5, indicating the simple modelling at a constant temperature is good enough, at least for the preliminary design of these microactuators. Figure 12 shows the dependence of the displacement against the total beam length for chevron and spring actuators with L = 100 and 200 µm. At a fixed bias of 0.4 V, the maximum temperature, 922 K, is the same for all devices with varying the beam length, as the temperature is independent of the device dimensions as indicated by equation (5) . (Bear in mind that this assumption does not apply when other heat losses are considered, as all of them are related to the dimensions of the devices [19, 21] .) The displacement for a chevron device increases linearly with increasing beam length in agreement with equation (1) . For a chevron actuator with L = 200 µm, it delivers a displacement of 10.2 µm. By introducing another chevron structure to form a one-ring spring actuator with L = 200 µm (L T = 400 µm) and d/L = 0.1, it delivers a displacement of 16.7 µm, much larger than that of a chevron actuator. When four chevron sections (L = 200 µm) are used to form a spring, it produces a displacement of up to 33.4 µm. For this displacement, a chevron actuator device with L 600 µm is needed, which is not a desirable size for fabrication and operation. Such a device would occupy an area of 2 × 600 × 60 µm 2 , while the corresponding two-ring spring actuator only occupies an area of 2 × 220 × 20 × 4 µm 2 , less than half the area of the chevron actuator. By connecting more chevron structures together, e.g. a six ring based spring actuator, one can produce a displacement of as much as ∼50 µm, much superior to other actuators.
The displacement of a spring actuator with L = 100 µm is smaller than that of a spring with L = 200 µm over the whole total beam length. This is represented by a different coefficient β which decreases from the chevron's β = 1 to β = 0.80 and β = 0.68 for spring actuators with L = 200 and L = 100 µm respectively. A smaller β for a spring with L = 100 µm is due to the large proportion of the vertical bars to the total beam length as compared with the spring with L = 200 µm. This result also indicates that it is possible to maximize the device performance by optimizing the device structure with a β close to unity.
Assuming the displacement of a chevron device with a beam length of L is Z c when the temperature is raised by T, then the deflection Z s , of a spring actuator with the same beam length L and n number of chevron sections can be expressed as follows:
From figure 5, it is known that the displacement for a deflector or a contractor is also proportional to the number of chevron sections, therefore equation (9) is also suitable for the other two microspring actuators with different values of β. In this case the coefficient β is not necessarily less than unity. Figure 6 has shown that the displacement of a deflector or a contractor is larger than that of a chevron when d/L 2, implying that β can be larger than unity at d/L 0.2 for a deflector or a contractor. Since these types of microactuators only have thin beams, there is no need for a large current to actuate them. The power consumption is much lower than those proposed by Moulton and Ananthasuresh [14] . The operation of these devices can be in either of the following modes: one is to use power to generate heat through Joule heating, and the other is to expose the whole device to a higher temperature. A raised temperature could produce a net displacement in the y-direction only due to large difference in thermal expansion coefficients between the electrically conductive and insulating materials. This is impossible for devices made from a single material, such as a heatuator, as the hot and cold arms expand at the same rate, and could be useful in some cases to provide a constant displacement at a fixed temperature.
So far the majority of microactuators could only produce displacements in one direction. With the new types of deflector and contractor, it is possible to construct a device consisting of a deflector and a contractor to produce motions in the x-y plane.
Although an extra mask is required to make insulating constraints for these devices, the improvement in device performance is significant; therefore the cost should not be the major issue. Also it is possible to design a process to fabricate the insulating constraints simultaneously with other structures in an integrated process without extra cost. These planar structure devices can easily be integrated with other microsystems, leading to a low-cost development. The purpose of the present paper is to publish the novel ideas and designs of the new devices quickly, while we focus on the development of the fabrication process. For the reader's benefit, we highlight the brief process flow below:
• Si 3 N 4 /Si wafers are used to fabricate the spring actuators.
• Patterns are formed by using positive resist AZ5214E.
• CF 4 plasma etch is used to define the insulator beams.
• Cr/Cu seed layer is deposited by sputtering.
• Electroplating moulds are patterned by optical photolithography using resist AZ5214E with a thickness up to 4 µm.
• Ni structures are formed by through-mask plating at optimal conditions up to a thickness of 2-3 µm.
• The photoresist is stripped, and the seed layer outside the active area is etched by acid.
• Si under the active beams is etched by time-controlled SF 6 plasma etch to release the beams with bond pads remaining on the substrate. Figure 1 is an example of a fabricated spring actuator with 12 chevron sections after releasing. Although the process needs to be optimized before obtaining work devices, preliminary development has shown the feasibility of fabricating these types of planar structure devices. The brief process can also be found in [24] , but the detailed process and electrical tests will be reported in the future.
Conclusions
A number of new types of electro-thermal actuators have been proposed and modelled by finite-element analysis. These new types of spring-like planar actuators consist of a number of chevron sections with insulating beams as constraints. These constraints restrict the displacement in the x-direction, thus the devices produce much larger displacements in the y-direction. The basic concept and results are as follows:
• By folding long conductive arms into a number of chevron sections with horizontal insulating beams as constraints, it is possible to fabricate a spring-like actuator with large displacements while avoiding buckling and stiction. The displacement of this microspring is proportional to the number of chevron sections connected in series.
• The constraint insulating beams can also be positioned parallel to the active arms to produce spring-like actuators with displacements either in deflection or contraction modes. When constraint beams are located on the inner side of the conductive arms, the actuator produces an outward displacement; when the constraint beams are located on the outside of the conductive arms, the actuator produces an inward displacement. These displacements are also proportional to the number of chevron sections in series.
• When the constraint beams are horizontal in a spring or a chevron actuator, the displacement depends on the beam angle strongly. When the constraint beams are parallel to the active arms, the displacement is insensitive to the beam angle, while that of a contractor increases with increasing beam angle.
